The first step of the hierarchically organized Arg/N-end rule pathway of protein degradation is deamidation of the N-terminal glutamine and asparagine residues of substrate proteins to glutamate and aspartate, respectively. These reactions are catalyzed by the N-terminal amidase (Nt-amidase) Nta1 in fungi such as Saccharomyces cerevisiae, and by the glutamine-specific Ntaq1 and asparagine-specific Ntan1 Nt-amidases in mammals. To investigate the dual specificity of yeast Nta1 (yNta1) and the importance of second-position residues in Asn/Gln-bearing N-terminal degradation signals (N-degrons), we determined crystal structures of yNta1 in the apo state and in complex with various N-degron peptides. Both an Asn-peptide and a Gln-peptide fit well into the hollow active site pocket of yNta1, with the catalytic triad located deeper inside the active site. Specific hydrogen bonds stabilize interactions between N-degron peptides and hydrophobic peripheral regions of the active site pocket. Key determinants for substrate recognition were identified and thereafter confirmed by using structure-based mutagenesis. We also measured affinities between yNta1 (wild-type and its mutants) and specific peptides, and determined K M and k cat for peptides of each type. Together, these results elucidate, in structural and mechanistic detail, specific deamidation mechanisms in the first step of the N-end rule pathway.
T he N-end rule pathway is a universally present ubiquitin (Ub)-dependent proteolytic system that mediates and regulates the degradation of intracellular proteins through the recognition of their (destabilizing) N-terminal residues (1) (2) (3) . Some of the sterically exposed destabilizing N-terminal residues of N-end rule substrates are posttranslationally modified. The corresponding N-terminal degradation signals (N-degrons) are recognized by pathway's ubiquitin ligases, called N-recognins, which polyubiquitylate a substrate protein and, thereby, target it for the proteasome-mediated degradation (1, (4) (5) (6) .
The N-end rule pathway has been demonstrated in all examined organisms, from prokaryotes (where it is independent of Ub) to multicellular eukaryotes, including animals and plants (7) (8) (9) (10) . Although details of pathway's organization can vary among remotely related organisms, the overall organization of the N-end rule pathway is largely the same in all species (11, 12) . In eukaryotes, the tertiary destabilizing N-terminal residues Asn and Gln are deamidated, by specific N-terminal amidases (Nt-amidases), yielding N-terminal Asp and Glu, respectively. N-terminal Asp and Glu are arginylated by arginyl-tRNA transferase (arginyltransferase 1, encoded by Ate1), which conjugates Arg, a primary destabilizing residue, making it possible for N-recognins to recognize N-terminal Arg and target an N-end substrate for polyubiquitylation and degradation.
Eukaryotic N-recognins are Ubr-family E3 Ub ligases that recognize the primary destabilizing N-terminal residues Arg, Lys, His, Phe, Leu, Trp, Tyr, and Ile. Owing to the recent discovery of a separate, distinct branch of the N-end rule pathway that targets for degradation N-terminally acetylated (Nt-acetylated) N-terminal residues of cellular proteins (13) (14) (15) , the above (initially discovered) branch was termed the Arg/N-end rule pathway, whereas the other branch was termed the Ac/N-end rule pathway.
Specificities of some enzymes in the Arg/N-end rule pathway are now partially understood through high-resolution structural studies (16) (17) (18) (19) (20) (21) (22) . Interestingly, there is a marked difference in the first step of the Arg/N-end rule pathway between fungi on the one hand and animals and plants on the other hand. Specifically, in multicellular eukaryotes such as animals and plants, the first (Nt-deamidation) step is performed by two distinct enzymes, Ntan1 (it is specific for N-terminal Asn) and Ntaq1 (it is specific for N-terminal Gln). In contrast, the analogous deamidation of N-terminal Asn and Gln in fungal (including yeast) N-end rule substrates is mediated by a single enzyme, called Nta1 (23, 24) .
Saccharomyces cerevisiae Nta1 (yNta1) was originally identified and cloned more than 20 y ago by the Varshavsky laboratory (23) , which determined that yNta1 contains the catalytic triad Glu63-Lys136-Cys187 and that it deamidates sterically exposed N-terminal Asn or Gln but neither internal or C-terminal Asn or Gln residues. Despite the functional and historic significance of Nta1 (23) , Nta1 enzymes from other fungal species remain largely uncharacterized. In addition, yNta1 belongs to the branch 3 of the nitrilase superfamily, which is classified into 13 branches according to substrate types. This family includes enzymes with the highly conserved Glu-Lys-Cys catalytic triad that hydrolyze nonpeptide carbon-nitrogen bonds (25) . Although functional similarities have been identified among the mammalian Ntan1 and Ntaq1 versus yNta1, these Nt-amidases lack a significant sequelogy (sequence similarity) (26) . In particular, save for the
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The N-end rule pathway is a regulated protein degradation system. It is conserved among both prokaryotes and eukaryotes. In this hierarchically organized pathway, N-terminal amidase converts N-terminal Asn and N-terminal Gln, the tertiary destabilizing residues of N-end rule substrates, to the secondary destabilizing N-terminal residues Asp and Glu, respectively. The yeast (Saccharomyces cerevisiae) N-terminal amidase Nta1 was identified as a component of the N-end rule pathway more than 20 y ago, but its dual specificity for N-terminal Asn and Gln residues remains uncharacterized, owing the absence of structural and biochemical data. The present structures of yeast Nta1 with various N-degron peptides, and biochemical analyses with Nta1 mutants, illuminate specific mechanisms of the first step in the N-end rule pathway. common Cys residue, the active sites of the mammalian Ntan1 and Ntaq1 are dissimilar to that of yNta1 (22) . Moreover, specific biological (as distinguished from mechanistic) functions of the Nt-amidases, including yNta1, remain poorly understood. Recent studies identified the mammalian Usp1 deubiquitylase as the first physiological substrate of Ntaq1 (22) . In addition, deamidation assays with varied second residues of dipeptide substrate (27) confirmed that yNta1 does not deamidate-free Asn or Gln amino acids, that yNta1 is specific for dipeptides bearing N-terminal Asn or Gln, and that the second residue of a dipeptide influences the activity of yNta1 (27) .
To investigate the dual specificity of yNta1 for N-terminal Asn and Gln of N-end rule substrates and to provide a structural foundation for future studies of Nt-deamidation, we determined the crystal structures of yNta1 in its apo-state and in complexes with substrates and their analogs. In addition, we determined the affinities (binding constants) of yNta1 to various substrate analogs and measured kinetic parameters such as K M and k cat for different kinds of peptide-based yNta1 substrates. We also carried out structure-based mutagenesis experiments with yNta1 that confirmed specific properties of this enzyme, thereby advancing the understanding of both the nitrilase family and the Arg/N-end rule pathway.
Results and Discussion
Overall Structure of yNta1. The S. cerevisiae Nt-amidase yNta1 contains Met residues at positions 1 and 11 (Fig. S1 ). The N-terminal sequence of yNta1 suggested the presence of a mitochondrial targeting sequence in this enzyme, and the possibility that the initiation of translation at two alternative Met residues might partition yNta1 in both the cytosol/nucleus and in mitochondria (23) . Later evidence indicates that a significant fraction of yNta1 resides in the mitochondrial matrix (28) . Therefore, two Nta1 constructs [yNta1 (1) covering residues 1-457 and yNta1 (11) covering residues 11-457] were generated and analyzed. Both yNta1 (1) and yNta1 (11) were crystallized in the space groups P4 2 and I4 1 22, and their structures were determined at 2.32-and 2.7-Å resolution, respectively (Table S1 ). We could identify only 431 residues of 457 residues in yNta1 (1), because the N-terminal 12 residues and 2 loop regions (345-351 and 415-424) are not defined by the electron density. The overall structure has an α-β-β-α sandwich fold (Fig. 1A and Fig. S2 ), which is commonly found in members of the nitrilase superfamily (25, 29) . In solution, yNta1 is a monomer (Fig. S3 ) containing 14 β-strands, 11 α-helices, and three 3 10 -helices (Fig. 1B and Fig.  S1 ). The core region of the enzyme shows antiparallel and parallel mixed β-sheets surrounded by helices, and these sixstranded β-sheets face each other ( Fig. 1 A and B) .
A previous study suggested that yNta1 comprises N-terminal hydrolase and C-terminal accessory domains (25) . However, we observed no separate domains and stable globular folding. Moreover, the starting β-strand (β1) forms a β-sheet with the ending β-strand (β14) in antiparallel orientation, suggesting that N and C termini of yNta1 are close (Fig. 1A) . The catalytic triad Cys187-Glu63-Lys136 is highly conserved among putative Nta1 enzymes from various organisms (Fig. S1) , and the active site is located on a loop region that is distant from the N-terminal region (Fig. 1C) , suggesting that N-terminal residues do not participate in the amidase activity. In agreement with these results, we found no differences in enzymatic activity between yNta1 (1) and yNta11 (11) constructs (Fig. S4 ). In addition, the catalytically inactive C187S mutant of yNta1 did not differ structurally from full-length wild-type yNta1. Consequently, structural studies of yNta1-containing complexes were performed with various peptide substrates and the yNta1 (11) C187S mutant (Table S2) . Interactions Between Nta1 and N-Degron Peptides. To further analyze functional properties of Nt-amidase, we solved yNta1 structures in complexes with six different N-degron peptides, including three Asn-dipeptides (NG, NV, NE), two Gln-dipeptides (QG, QV), and one Asn-tripeptide (NEA). The cleft of the active site could be tightly fitted to the Asn-peptide and Gln-peptide ( Fig. 2  A and B) , and no complex structures showed significant conformational changes, in comparison with the structures of free yNta1. Moreover, the binding modes with yNta1 differed only slightly for different peptide ligands (Fig. 2 C and D and Fig. S5 ). In particular, side chain amide groups of all N-degrons form hydrogen bonds with side chain atoms of the catalytic residues Lys136 and Ser187 (C187S mutant in structural studies). The carbonyl oxygen atom of the main chain of Ala221 forms a hydrogen bond with the nitrogen atoms of amide groups of N-degrons, except for those of Gln-Gly and Asn-Glu-Ala peptides (Fig. S6) . The nitrogen atom of Leu223 forms a hydrogen bond with the carbonyl oxygen atom of N-terminal Asn or Gln of peptide substrates. These residues of yNta1 contact N-terminal Asn and Gln over significant fractions of their length. N-terminal Asn/Gln-bearing N-degrons are also surrounded by a hydrophobic pocket comprising Tyr69, Tyr140, Met188, Phe195, Trp222, and Leu223 of yNta1 ( Fig. 2 and Fig.  S5 ). In particular, the tyrosine residues Tyr140 and Tyr69 are located in the upper region, in the orientation shown in Fig. 2 , and the bulky Trp222 residue is located in the lower region of the hydrophobic pocket. Met188, Phe195, and Leu223 residues of yNta1 are located at both sides of the pocket ( Fig. 2 and Fig. S5 ), but appear less important for the binding to N-degron peptides than the above-mentioned hydrogen bonds, which are critical for the affinity of Nta1 for the N-terminal Asn/Gln-bearing N-degrons.
Gln residues have longer side chains than Asn residues, differing by one methylene group. Thus, the Gln-peptide may reach slightly deeper into the active site. Interestingly, the hydrogen bonds are formed with all three catalytic triad residues in the case of Gln-peptide, whereas the Asn-peptide does not interact with Glu63 (Fig. S6) . Moreover, residues of the active site of yNta1 did not show high structural plasticity in that the atomic positions of the N-degron recognizing residues differed little between the yNta1 complexes with either the Asn-peptide or the Gln-peptide (Fig. 3A) . Instead, to fit into the rigid active site, the side chain of the Gln-peptide is not extended as much as is the side chain of the Asn-peptide (Fig. 3A) . In addition, the residue of the Gln-peptide at position 2 made a specific contact with Phe195 of yNta1. These results suggest that the active site of yNta1 is best fitted vis-à-vis the recognition of N-terminal Asnbearing N-degrons, and that more residues of yNta1 are required to accommodate the N-terminal Gln-bearing N-degron. . The side chain atoms of catalytic and interacting residues of yNta1 are shown as green and gray stick models, respectively, and N-degron peptides are shown as yellow sticks. Oxygen and nitrogen atoms are colored red and blue, respectively. N-degron residues are labeled "s" after the residue number for clarity. Electron-density maps were generated and shown as blue mesh for each peptide (2Fo-Fc map contoured at 1.0 σ). In our further analyses, we determined the structures of yNta1 complexes with the Asn-peptide containing three different residues at the second position, including the hydrophobic Val, the side chain-lacking Gly, and the acidic Glu (Table S2 ). In contrast with Asn-Val and Asn-Gly dipeptides, the carboxylic group of Glu2 in the Asn-Glu dipeptide forms a hydrogen bond with the hydroxyl group of Tyr140, and the Asn-Glu dipeptide forms additional hydrophobic interactions with Thr229 ( Fig. S6 E and  F) . In addition, the Asn-Glu-Ala tripeptide forms additional hydrophobic interactions with Tyr300, although the contribution of this interaction appears to be minor.
Binding of N-Terminal Asn/Gln-Bearing Peptides to yNta1. As described above, the catalytically important residues of yNta1 form hydrogen bonds with N-terminal Asn/Gln-bearing N-degrons obviously, and main chain atoms of the residues Ala221 and Leu223 form hydrogen bonds that could not be examined further in mutagenesis experiments. Because the hydrophobic binding pocket of Nta1 is formed by side chain atoms of its critical residues, we mutated several of these residues and directly measured the binding between the resulting mutants and N-degron peptides.
Because the C-terminal region of an N-degron, in a tripeptide, was not recognized by yNta1, it allowed the conjugation of fluorescent FITC to the C terminus of NVK and QVK tripeptides, followed by determination of dissociation constants (K D ), using fluorescence polarization (FP) with the corresponding yNta1 complexes. In initial FP experiments with wild-type yNta1, the data were variable, most likely owing to deamidation activity of yNta1. Subsequent experiments were used, therefore, with specific C187S-based mutants of yNta1 that lacked Nt-amidase activity. Before introducing specific mutations, we determined the binding affinity of yNta1 (C187S) for NVK-FITC and QVK-FITC peptides ( Fig. 3 B and C) . These analyses showed that the affinity of yNta1 for the N-terminal Asn-bearing N-degron is ∼threefold higher than that for the otherwise identical N-terminal Glnbearing N-degron peptide. Owing to this weaker binding, crystals of Gln-peptide bound to yNta1 were initially difficult to generate. In addition, the second Gly residue in the Gln-Gly (QG) dipeptide was not visible in the electron-density map (Fig. S5B) .
On the basis of the present complex structures, we generated yNta1 mutant in which side chains of a nonpolar residue or aromatic residues are mutated (M188A, Y69V, Y140A, F195V, and W222A) in the background of the inactive C187S mutant. The M188A mutant, which has a shortened aliphatic side chain at position 188, had 2.5-fold and 4.6-fold lower binding affinity for the Asn-peptide and Gln-peptide, respectively, suggesting that this alteration was more sensitive to the binding of Glnpeptide. All aromatic side chain mutations in yNta1 abolished the binding to the Gln-peptide (Fig. 3C ) and all but F195V failed to bind the Asn-peptide, whereas the F195V mutant bound this peptide with a 2.5-fold reduction in affinity (Fig. 3B) . These results confirm the importance of the relevant hydrophobic residues of yNta1 for substrate recognition. In addition, the F195V mutant bound the NVK-peptide with K D of 24.6 μM, but did not bind the QVK-peptide, suggesting that the Phe195 of yNta1 plays a more important role in the binding to the Glnpeptide than in the binding to the Asn-peptide. As mentioned above, the Phe195 residue interacts with the second residue of an N-terminal Asn/Gln-bearing N-degron. In contrast with the Asnpeptide, the side chain of N-terminal Gln was slightly distorted to fit into the active site. These observations indicate that the side chains of N-degrons' second residues move outward to the Phe195 ring position (Fig. 3A) . Accordingly, the less bulky side chain at position 195 in the F195V mutant caused more severe binding defects vis-à-vis the Gln-peptide (Fig. 3C) .
N-Terminal Deamidation Activity of yNta1. In addition to measuring binding affinities of yNta1 for the Asn-peptides and Gln-peptides, we also determined the dual Nt-amidase activities by using the dipeptides NG, QG, NV, and QV. We also determined the structures of yNta1 in the presence of these peptides and those with the Glu residue position 2 ( Fig. 2 and Fig. S5 ). The Nt-amidase activity assays with Asn-Glu and Gln-Glu dipeptides peptides were not feasible, owing to the use of the coupled NADPHdependent glutamate dehydrogenase (GLDH) reaction, because GLDH also recognizes Glu at the second position and dehydrogenates it rapidly (Fig. 4A) . Consequently, the production of ammonia (NH 3 ) from amide groups of Asn and Gln by yNta1 was measured with technically feasible substrates using the GLDH enzyme, which converts NADPH, ammonia, and α-ketoglutarate to water, L-Glu, and NADP + . Purified wild-type yNta1 and F195V mutants that bind the Asn-peptide were used to analyze the enzyme kinetics (Fig. 4 B-G) . We observed no differences in the Nt-amidase activity between yNta1 (1) and yNta1 (11) (Fig. S4) . Consequently, the subsequent binding affinity measurements, activity assays, and structural studies were performed with yNta1 (11), which could be overproduced more readily than yNta1 (1).
The yNta1 Nt-amidase requires similar concentrations of Asnpeptides and Gln-peptide substrates for saturation, as indicated by similar K M values with the same second-residue position but differing N-terminal residues, Asn versus Gln (see K M values for NV vs. QV and NG vs. QG in Fig. 4H ). In addition, yNta1 exhibits similar catalytic rates (k cat ) with both NG and QG peptides, and approximately twice that rate with Asn-Val, in which position 2 is occupied by Val. These results indicate a slight preference of yNta1 for the hydrophobic residue at the second position of an N-terminal Asn/Gln-bearing N-degron. It should be noted that the Nt-deamidation activity of yNta1 was influenced by the identity of a residue at position 2 more than by N-terminal Asn and Gln. Moreover, the measured relative substrate specificities (k cat /K M ) clearly show that yNta1 prefers the Asn-peptide with a hydrophobic residue at position 2 (Fig. 4H) . The F195V mutant of yNta1 only exhibited a significant binding for the Asn-peptide but not the Gln-peptide (Fig. 3B ). There was, in addition, a major decrease in enzyme specificity, mainly due to the lowered k cat , compared with wild-type yNta1. However, the specificities for NV and NG peptides were nearly compensated by K M and k cat values (Fig. 4H) . These data show that effects of the residue at position 2 might be more critical in Gln-peptide than Asn-peptide.
Given our binding affinity and enzyme kinetics data (Figs. 3  and 4) , the dual specificity of yNta1 reflects the presence of an optimized binding pocket that recognizes both the Asn-peptide and Gln-peptide, with the longer side chain of Gln being slightly distorted to fit into the active site. Accordingly, hydrogen bonds with the catalytic residues Glu63, Lys136, and Cys187 are primary specificity determinants for N-terminal Asn/Gln-bearing N-end rule substrates. In addition, two hydrogen bonds from main chain atoms (Ala221 and Leu223) contribute to the binding affinity but not the enzymatic specificity for both the Asn-peptide and Gln-peptide. Finally, the surrounding hydrophobic interactions of Tyr69, Tyr140, Met188, Phe195, and Trp222 residues are partially involved in both substrate binding and product release, with some structural plasticity vis-à-vis the second residue of an N-degron (Fig. S6) .
Comparisons with Human Ntaq1. Previous studies of the Arg/N-end rule pathway in yeast and mammals have shown that substantially different Nt-amidases deamidate N-terminal Asn and Gln in different organisms. Specifically, whereas S. cerevisiae Nta1 (yNta1) deamidates both N-terminal Asn and Gln, to separate mammalian Nt-amidases, Ntan1 and Ntaq1, deamidate N-terminal Asn and Gln, respectively (11) . Remarkably, despite the closely similar Nt-deamidation reactions catalyzed by these Nt-amidases, yNta1 is essentially nonsequelogous (26) to either human Ntan1 or human Ntaq1 (8% and 11% sequence identity, respectively). Moreover, human Ntaq1 (hNtaq1) is structurally and mechanistically similar to transglutaminase (22) , whereas yNta1 is a member of the nitrilase superfamily. Comparisons with other known structures using the DALI server (30) showed high structural similarities (Z score > 25) with the putative CN hydrolase protein PH0642 (PDB ID code 1J31) (31), a hyperthermophilic nitrilase (PDB ID code 3IVZ) (29), a putative carbon-nitrogen family hydrolase from S. aureus (PDB ID code 3P8K), and a β-alanine synthetase (PDB ID code 2VHI) (32) Fig. 5 . Comparison of the overall structures of yNta1 with other spalogs (26) . Ribbon diagrams comparing overall structures of yNta1 (A), PH0642, putative CN hydrolase from Pyrococcus horikoshii (B), hyperthermophilic nitrilase (C), putative carbon-nitrogen family hydrolase from Staphylococcus aureus (D), β-alanine synthetase (E), and N-terminal glutamine amidohydrolase (F). To clarify the region, the presented view represents approximately −20°and 50°horizontal and vertical rotations, respectively, of the images in Fig. 1A . Structural regions that match the corresponding region of yNta are colored orange in each structure. Structurally dissimilar (Z score below 2) N-terminal glutamine amidohydrolase in F is colored green. PDB ID codes and Z scores from the DALI server are shown below each structure. (Fig. 5) . In particular, the central β-sheet is almost identical in all of these structures, and yNta1 has a C-terminal region additional to those of the previously solved nitrilase superfamily proteins (Fig. 5C ). However, in contrast to yNta1, nitrilase family proteins contain C-terminal motifs that mediate the formation of oligomers. For example, PH0642, hyperthermophilic nitrilase, and the putative carbon-nitrogen family hydrolase are dimers, and β-alanine synthetase is a helical octamer with tightly packed dimeric units. A C-terminal region of yNta1 that is absent from other nitrilases comprises a long disordered loop region containing helices (Fig. 5A ) that ensures that yNta1 exists as a monomer in solution (Fig. S3) .
As would be expected from the negligible sequelogy (sequence similarity) to yNta1 and the more restricted Nt-deamidation activity, the overall structure of hNtaq1 differs greatly from that of yNta1 (Fig. 5F ). The structure of human Ntan1 has not been determined yet. The initially deposited structure of hNtaq1 (PDB ID code 3C9Q) was misinterpreted vis-a-vis the electron density of a bound peptide. Later refinements (PDB ID code 4W79) identified the "peptide" as an N-terminal region of the neighboring hNtaq1 molecule in the crystalline lattice, bearing the sequence Ser-Glu-Gly-, i.e., this sequence is not an actual substrate of hNtaq1 (21) . In addition, hNtaq1 carries different catalytic triad residues (Cys28-His81-Asp97) that form a different spatial orientation, in comparison with the Glu63-Lys136-Cys187 catalytic triad of yNta1 (Fig. S7) . The residues of the catalytic triad in hNtaq1 are not involved in direct contacts with cognate Nt-deamidation substrates as shown in yNta1 ( Fig.  2 C and D) . Moreover, the "recognition" residues of hNtaq1 are entirely distinct from those of yNta1. In yet another contrast with yNta1, two water molecules are proposed to be involved in the catalytic cycle of hNtaq1 (21) . The enzymatic mechanism of yNta1 is essentially similar to that of N-carbamyl-D-amino acid amidohydrolase (33) (Fig. S8) .
Apart from the structural and biological significance of our results about yNta1, its dual specificity for N-terminal Asn/Glnbearing peptides may be exploited in industrial applications, such as production of the artificial sweetener aspartame (Asp-PheOMe, L-aspartyl-L-phenylalanine-methyl ester) (27) . In contrast to mammalian Nt-amidases, no physiological substrate of yNta1 N-terminal amidase has been identified in yeast so far. The biological significance of a partially mitochondrial location of yNta1 remains to be understood as well. Our structural and substratebinding data about yNta1 should be helpful in further studies of this conserved component of the Arg/N-end rule pathway.
Materials and Methods
Details on protein expression, purification, crystallization, structure determination, biochemical assays, and binding constant measurements are provided in SI Materials and Methods.
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SI Materials and Methods
Protein Expression and Purification. The yNta1 gene was amplified by using PCR with S. cerevisiae genomic DNA. PCR products were cloned into the pET-RIP plasmid, which is a modified pET vector containing a N-terminal 6×His-bRIP (ribosome inactivation protein from barley) tagged protein followed by a TEV protease cleavage site (34) . Subsequently, yNta1 was expressed in Escherichia coli BL21(DE3) cells in LB media, and the cells were induced at an OD of 0.6 following the addition of 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) and were cultured at 18°C for 18 h. Cells were harvested by centrifugation and were resuspended in buffer A [50 mM Tris·HCl pH 8.0, 100 mM NaCl, and 2 mM tris(2-carboxyethyl)phosphine (TCEP)] and were then disrupted by sonication. Cell debris was removed by centrifugation and supernatants were loaded onto Ni-NTA columns (GE Healthcare) and eluted with gradually increasing concentrations of imidazole (30-500 mM). N-terminal bRIP-tags were then removed by overnight incubation with TEV protease, and remaining constructs were further purified by using Q-Sepharose anion exchange column (GE Healthcare). To remove remaining the bRIP tag, construct samples were added to Ni-NTA columns (GE Healthcare) and were finally purified by using Superdex 75 gel filtration columns (GE Healthcare) eluted with buffer A. Selenomethionyl derivatized yNta1 was expressed by using the methionine auxotrophic E. coli B834 strain in M9 media. Various mutant proteins were generated by using QuikChange mutagenesis kits, and selenomethionyl and mutant proteins were purified by using the same procedure.
Crystallization, Data Collection, and Structural Determination. Purified proteins were concentrated to 5 mg/mL for crystallization screening. Crystallization of yNta1 was achieved by mixing 1 μL of protein solution with the same volume of crystallization solution followed by equilibriation against 120∼200 μL of a reservoir at 20°C by using a hanging drop vapor diffusion method. Crystals were grown within 2 d. To cocrystallize purified yNta1, C187S mutant was incubated with ∼25-fold molar excesses of each peptide for 24 h and was then subjected to the following optimized crystallization conditions for each protein: yNta1, 0.2 M ammonium acetate, 0.1 M tri-Na-citrate dihydrate pH 5.6 and 30% (wt/vol) PEG 4000; yNta11 and yNta11 C187S mutant, 0.2 M Mg-acetate tetrahydrate, 0.2 M Na-cacodylate pH 6.5, and 20% (wt/vol) PEG 8000; selenomethionyl-labeled yNta11 M196L, 0.2 M ammonium sulfate, 0.1 M Tris·HCl pH 8.8, and 24% (wt/vol) PEG 3350.
Because initial SeMet crystals of yNta1 or yNta11 did not diffract well, we generated the three mutants M11L, M196L, and M333L to decrease numbers of selenium substitutions. Among these mutants, the yNta11 M196L mutant successfully produced SeMet crystals that diffract to 2.3 Å under the above crystallization conditions. To phase this selenomethionyl-substituted yNta11 M196L crystal, three-wavelength multiwavelength anomalous diffraction datasets were collected at the absorption edge and peak of the Se atom, and at a high-energy wavelength (Table S1 ). Diffraction data were collected at the beamline 5C Pohang accelerator laboratory (Pohang, Korea) and at the beamline NE3A Photon Factory (Tsukuba, Japan), and the datasets were integrated and scaled by using the HKL2000 software package (35) . The structure of yNta11 was solved by using Autosol according to the PHENIX software suite (36) , and was refined by using the program PHENIX. Structures of yNta11 C187S and its complex with six different substrate peptides were determined by using the molecular replacement method with PHASER (37). The model was then rebuilt with the program COOT (38) and was refined by using PHENIX. The DALI server (ekhidna.biocenter.helsinki.fi/ dali_server/) was used to compare structures (30) , and all structural figures were drawn by using PyMOL (www.pymol.org/).
Deamidation Activity Assays. Deamidation of peptides containing N-terminal Asn and Gln was determined by quantifying the production of ammonia (NH 3 ) in the presence of NADPH-dependent glutamate dehydrogenase. Consumption of NADPH was measured according to decreases in A 340 , allowing indirect assay of Nt-amidase activity (Fig. 4A) . Specifically, either free glutamine or synthetic peptides (NV, NG, QV, and QG dipeptide) were preincubated with 0.5 M NADPH, 7.6 mM oxoglutarate, and 4 units of glutamate dehydrogenase in buffer containing 50 mM Tris·HCl (pH 8.0) and 100 mM NaCl at 37°C for approximately 10 min until A 340 became stable. The reaction was initiated by the addition of various concentrations of substrate peptide (1.17 μL) to the final reaction mixture, which had a total volume of 65 μL. The rate of ammonia formation was measured according to increases in A 340 for 30 min at 37°C. Measurements were performed in triplicate, and data were analyzed by using GraphPad Prism 5 (GraphPad Software).
Size-Exclusion Chromatography with Multiangle Light Scattering.
Size-exclusion chromatography with multiangle light scattering (SEC-MALS) experiments were performed by using a fast protein liquid chromatography system (GE Healthcare) connected to a Wyatt MiniDAWN TREOS MALS instrument and a Wyatt Optilab rEX differential refractometer. A Superdex 75 10/300 GL (GE Healthcare) gel filtration column preequilibrated with 50 mM Tris·HCl pH 8.0, 100 mM NaCl, and 1 mM TCEP was normalized by using chicken egg white lysozyme protein. Complexed or individual uncomplexed proteins were prepared as described earlier and were injected (1-3 mg/mL, 0.5 mL) at a flow rate of 0.5 mL/min. Data were analyzed by using the Zimm model for static light scattering data fitting and were represented by using an EASI graph with a UV peak in the ASTRA V software (Wyatt).
Fluorescent Polarization. Binding affinities of yNta1 (or various yNta1 mutants) and peptides were determined by using fluorescence polarization techniques. Briefly, purified yNta1 proteins were serially diluted in assay buffer at concentrations of 24-400 μM and were mixed into each reaction well. C-terminal FITC-labeled NVK-peptide and QVK-peptide were purchased from Peptron were dissolved in a solution containing 50 mM Tris·HCl pH 8.0, 100 mM NaCl, 1 mM TCEP, and 0.0025% Tween-20, and were adjusted to a concentration of 10 nM for each 25-μL reaction well. Fluorescent measurements were performed in a 96-well plate on a Molecular Device plate reader with excitation and emission wavelengths of 485 and 530 nm, respectively. A nonlinear graph of Nta1 concentration-dependent polarization was drawn and calculated by using GraphPad Prism 5 software. . Sequence alignments of Nta1 sequelogs from S. cerevisiae, Saccharomyces kudriavzevii, Torulaspora delbrueckii, Zygosaccharomyces rouxii, Kazachstania naganishii, Naumovozyma dairenensis, Vanderwaltozyma polyspora, and Ashbya gossypii. Boxes indicate residues that are identical (red shading) or highly conserved (red font) in all sequences. Secondary structural elements of yNta1 (α-helices, 3 10 -helices, and β-strands) are shown above sequence alignments, and every 10th residue of Nta1 from S. cerevisiae (first row) is marked with a dot and the corresponding residue number. Catalytic residues in the active site are indicated by filled green circles. S4 . Comparison of N-terminal deamidase activity between full-length yNta1 and the truncated version yNta11. GLDH-coupled enzyme kinetics of purified wild-type yNta1 (magenta line) and yNta11 (blue line) with 6 mM NV dipeptide substrate. Standard derivations for triplicate measurements are indicated with error bars. No differences in enzyme activity were observed. Fig. S5 . Close-up view of the N-degron binding site and electron-density maps for the bound N-degron, Asn-Gly (A), Gln-Gly (B), and Asn-Glu (C) dipeptides, and the Asn-Glu-Ala tripeptide (D). Side chain atoms of catalytic and interacting residues of yNta1 are shown as green and gray sticks, respectively. N-degron peptides are also shown as yellow sticks. Oxygen and nitrogen atoms are colored red and blue, respectively. N-degron residues are labeled "s" after the residue number for clarity. Electron-density maps were generated and shown as blue mesh for each peptide (2Fo-Fc map contoured at 1.0 σ). 
